Multiple-angle incident (MAI) ellipsometry is used to study the optical properties of both amorphous silicon and poly-Si after different heat-treatments. At first, the error sensitivity of MAI ellipsometry has been studied and the optimum conditions to achieve the best precision are obtained. The optical constants and thickness of amorphous silicon deposited by LPCVD at 550~ are changed significantly after sample annealing. The optical constants of the amorphous silicon reached the values of single-crystalline silicon after annealing for both the high and low temperature treatments. A thickness shrinking phenomenon is observed when amorphous silicon is transformed to the polycrystalline form. This phenomenon is confirmed by cross-sectional TEM photography. The thickness shrinking ratio is 3.5 to 6.0%.
Polycrystalline silicon (poly-Si) films have been employed in various integrated circuit applications. 1-3 They are used as the gate electrode 4 and the high value load resistor ~ in metal oxide semiconductor field effect transistor (MOSFET) applications. Also, they are used as a diffusion source to form an emitter in very large scale integrated (VLSI) bipolar transistors. 6~7 In addition, they are used in nonvolatile electrically erasable programmable memory devices. 8 Polysilicon films are used in many other semiconductor devices. For example, they are used in charge-coupled devices (CCD) as gate electrodes, 9 and in solar cells as the substrate material. ~~ Due to their vast application in integrated circuits, their electrical properties have been studied extensively: 1 The optical properties of poly-Si are somewhat different from those of single-crystalline silicon I~'1z due to the polycrystalline structure. They are dependent on the preparation conditions of the poly-Si film. For example, the refractive index of a poly-Si film varies distinctly for deposition temperatures above and below 580~ 1 Ellipsometry has been used for measuring the optical properties and the thickness of a poly-Si film. 13-2~ There were two factors which made the measurements difficult (i) the ellipsometric period for po]y-Si is small, only 850/k at I I Poly-Si (n, k, t)
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632.8 nm. Therefore, the thickness of poly-Si must be known within this order and (it) more than two sets of the measured data (h, ~) for poly-Si must be obtained to calculate the real part, n, the imaginary-part, k, of the refractive index, and the thickness, t of the poly-Si. For a conventional ellipsometer with a single incident wavelength and a single incident angle for any material, it is impossible to calculate the optical constants and the thickness simultaneously with one set of measured data (h, 4). Hence, different technologies have been reported to solve this problem. For example, MAI ellipsometry 19 had been proposed to provide more sets of (h, ~) data. Besides, techniques of various thicknesses of sandwiched SiO2 before deposition of poly-Si films 18 and a zeroth-layer model method by measuring on a beveled po]y-Si surface 2~ have been proposed.
In this work, the optical properties of poly-Si films, both deposited at low temperature (<580~ in amorphous form and deposited at high temperature (>580~ in polycrystalline form and then annealed at various temperatures were studied by using an MAI ellipsometer. After determining the optimum conditions for the measurements by analyzing the system sensitivity of the investigated structure, poly-Si/SiQ/Si structures were investigated by MAI measurements.
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Sensitivity Analysis of MAI Ellipsometry
The sample structure investigated is shown in Fig. 1 , where a poly-Si film was deposited on a thin SiO2 film grown on an Si substrate. The light beam of the MAI ellipsometer is incident on the surface of the sample at an incident angle, ~, that varies from 60 to 80 ~ Using the sets (A, ~) of the measured values at different incident angles, the corresponding values of the calculated complex refractive index, n-ik and the thickness, t, of the poly-Si film were chosen to fit curves as shown in Fig. 2 . Due to both the inevitable instrument and measurement errors, 2~ the fitting process usually embedded some unavoidable errors.
Among the measurement errors, the thickness, tox, of the buried SiO2 layer, affects the error significantly. It is desirable to choose an optimum to~ thickness at the most sensitive range of incident angles and dA/dt to minimize the error. Figure 3a shows a 3D dA/dtoPlOt vs. to~ and ~ for the poly-Si film thickness of 1000 A. To achieve a high precision during measurements, it is desirable to obtain the highest d h/dt value since a small error in t value results in a large deviation in A reading. Hence, in Fig. 3a , the thickness of the buried oxide must be chosen in the range of 200 to 300/k, and the angle of incidence ~ should be chosen in the range of 66 to 72 ~ , since at this region, the sensitivity is the largest. A similar theoretical plot for dr is shown in sometry, the precision of the parameter A is more critical than that of the parameter ~ for reducing the fitting error.
In conclusion, the optimum conditions for achieving the best precision for this MAI measurement are that the thickness of the buried SiO2 must be chosen in the range of 200 to 300 A, and the incident angle in the range of 66 to 72 ~ To investigate the errors produced by small deviations in n~, ks, nox, tox, and tnox, which are the real part, the imaginary part of the complex refractive index of the substrate, re- spectively, the refractive index and the thickness of the buried SiO2, and native oxide on poly-Si, respectively, a numerical simulation was carried out. The results are shown in Table I . In this simulation, it was assumed that tax = 250/~, no. = 1.46, n~ = 3.858, k~ = 0.018, tnox = 10 and 20 A, and the complex refractive index and the thickness of the poly-Si film were 4.00 -i0. 10 Sample preparation conditions.--Silicon wafers were first cleaned and oxidized in dry 02 at 1000~ for 15 rain. The thickness and the refractive index of the thin oxide layer were measured by ellipsometry. They were 213 ,&, and 1.46, respectively. Then a poly-Si film was deposited by low pressure chemical vapor deposition (LPCVD) at different temperatures from 550 to 625~
Experiments and Results
Sample preparations.--With
The thickness of the deposited poly-Si was controlled in the range of approximately i000/k for each deposition temperature. The MAI ellipsometry was applied with varying incident angle from 66 to 72 ~ The wavelength of the incident beam was 6328 A. Before measurement, the samples were dipped with H20: HF = 50:1 to remove the native oxide. Figure 4 shows the measured complex refractive indexes of the LPCVD poly-Si films deposited at 550 and 625~ where it can be seen that both n and k decreased with the increase in deposition temperature. Also, the n and k values nearly plateau when the deposition temperature reached 5900C. It was reported that po]y-Si films deposited at temperatures <590~ were more like amorphous films and poly-Si films deposited at temperatures ->590~ were more like a polycrystal]ine structure. 21 In this study, the refractive indexes of the former condition were higher than that of single-crystalline Si value. For the latter condition, the complex refractive indexes reach that of single-crystalline Si at 6328 A, 3.858 -i0.018.
Complex refractive indexes of the poly-Si deposited at different temperatures.--
High temperature annealing of amorphous silicon.--In a
practical device fabrication process, poly-Si films are usually deposited at a low temperature (Td < 590~ in an amorphous phase and then annealed at a high temperature to crystalline phase with a large grain size. 22 The refractive indexes of poly-Si films deposited at low temperature ,.< (<590~ and then annealed at high temperature were measured by MAI ellipsometry. Figure 5 shows the refractive indexes of the amorphous silicon deposited at 550~ and then annealed at 1000~ in N2 for 6, 10, 20, 30, and 60 min. In this figure we see that both n and k values dropped quickly after annealing the film for 6 rain, and they reach nearly steady state of constant values of 3.86 and 0.020, respectively, after annealing 20 rain. It was expected that for 6 min annealing at 1000~ the film had transformed from an amorphous state into a crystalline one. Figure 6 shows transmission electron microscopy (TEM) photographs of the investigated film after it was annealed at 1000~ for 0, 6, 20, and 60 min, respectivMy. Figure 6a shows an electron diffraction pattern for the film deposited at 550~ indicating an amorphous structure but from Fig. 6b-d we see that the film was polycrystalline and also the grain size did not change as the film transformed to another polycrystalline phase after 6 min annealing. For comparison, the refractive indexes of poly-Si film deposited at 625~ and annealed at 1000~ for 6, 10, 20, 30, and 60 min also were measured by MAI ellipsometry and are shown in Fig. 7 . The refractive indexes of the as-deposited samples were lower than that of the amorphous film shown in Fig. 5 , and they essentially always rested at the same steady-state values of the poly-Si film. Figure 8 shows thicknesses of both the amorphous film and the as-deposited poly-Si film as they were annealed at 1000~ vs. time. For the amorphous film, the thickness decreased drastically at the initial 6 and 10 min annealin~s and then increased to reach a steady-state value of 956 A. While, for the as-deposited poly-Si film, the thickness gradually decreased from 970 to 950 .~ during the annealing process. Figure 9 shows another set of data of a group of amorphous films of different thicknesses with different deposition times after they were subjected to 1000~ annealing for 60 min. The average shrinkage on the thicknesses of these films was 3.5 to 6.0%.
Some samples were prepared for TEM photography to verify the thickness shrinkage. A cross-sectional view of the amorphous silicon/SiO2/Si structure by LPCVD at 550~ is shown in Fig. 10a . The thickness of the amorphous silicon was estimated at 1120 • 7 A. Then the sample was annealed in an Nz ambient at 1000~ for 60 min and shown in Fig. 10b shrinking ratio of thickness was 4.8%. This was consistent with that determined by ellipsometry.
Low temperature annealing of amorphous silicon.--
Poly-Si films may be obtained by annealing amorphous silicon at a temperature <600~ for a long time. 23 The strain and microstructure of these poly-Si films are better quality than those of films annealed at high temperatures. It is interesting to measure the complex refractive index and the thickness changes of these films under long-time low temperature annealing. Figure l l a and b shows the measured refractive index and thickness changes, respectively, of an amorphous film after annealing in N2 at 600~ for 24 h. In Fig. l l a the refractive index of the amorphous film reached a steady-state value after annealing the film for 5 h. While, Fig. 1 lb exhibits an initial thickness shrinkage of the amorphous Si for annealing time up to 2 h, analogous to that of Fig. 8 , and also the subsequent increase in thickness. The shrinkage ratio was also approximately 5.0%.
Conclusion
A MAI ellipsometer was used to study the optical properties of amorphous silicon and poly-Si after different heattreatments. Initially, the error sensitivity of the MAI ellipsometry was studied to determine the optimum conditions for achieving the best precision of the MAI ellipsometry measurements. The optical properties of the amorphous silicon changed significantly when it was transformed to the polycrystalline form. Due to the high precision of the MAI ellipsometry, a thickness shrinking phenomenon was observed clearly during the measurement. This phenomenon was confirmed by TEM photography. The shrinkage ratio of thickness was 3.5 to 6.0%.
